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Electroweak (EW) corrections at the LHC can be enhanced at high energies due to soft/collinear 
radiation of W and Z bosons, being dominated by Sudakov-like corrections in the form of 
log"(2^/M^) (n < 21, aw = when the energy scale Q enters the TeV regime. Thus, 
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the inclusion of EW corrections in LHC predictions is important for the search of possible sig¬ 
nals of new physics in tails of kinematic distributions. EW corrections should also be taken 
into account in virtue of their comparable size {ff{a)) to that of higher order QCD corrections 
{ff{a^)). We calculated the next-to-leading-order (NLO) weak corrections to the neutral-current 
(NC) Drell-Yan process, top-quark pair production and di-jet producion, and implemented them 
in the Monte-Carlo program MCFM. This enables a combined study with the corresponding NLO 
QCD corrections. We provide both the full NLO weak corrections and their weak Sudakov ap¬ 
proximation valid at high energies. The latter is often used for a fast evaluation of weak effects, 
and having the exact result available as well allows to quantify the validity of the Sudakov ap¬ 
proximation. 
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1. Introduction 

As the LHC reaches an unprecedented high energy and high precision, the inclusion of electroweak 
(EW) corrections becomes increasingly important in testing the Standard Model (SM) and search¬ 
ing for signals of new physics, in particular in the high-energy and high-momentum regimes of 
kinematic distributions. Electroweak corrections may also play a significant role in the extraction 
of parton distribution functions (PDE), for instance in constraining the gluon PDE at high momen¬ 
tum fraction in di-jet production. However, the calculations of EW corrections to relevant processes 
are often not readily available in public codes and can quickly become complicated (and CPU in¬ 
tensive) for high multiplicities. Even with the increasing availability of automated tools for the 
calculation of EW corrections, a dedicated and efficient computation for specific processes which 
are freafed af fhe same footing as QCD corrections in a widely used Monfe Carlo program such as 
MCFM [|]] is still highly desirable for LHC sfudies. As a firsf step fo improve predicfions for fhe 
LHC af high energies, one could implemenf fhe Sudakov approximation of EW corrections (see, 
e.g., ||^ for a review). One example of such an application is fhe weak Sudakov correcfions fo 
Z-F < 3 jefs implemented in ALP GEN [^. Our goal is fo implemenf weak correcfions in MCFM, so 
fhaf fhey become readily available fo fhe experimenfal communify and can be sfudied fogefher wifh 
fhe already implemented QCD correcfions. So far, we implemenfed fhe weak 1-loop correcfions 
fo fhe neufral-currenf (NC) Drell-Yan process, pp —)• 7 ,Z —)• fop-quark pair production, and 
di-jef production. The implemenfafion of fhese processes in MCFM includes bofh fhe Sudakov ap- 
proximafion for weak correcfions valid af high energies and fhe complete 1-loop weak correcfions 
fo be able fo quantify fhe goodness of fhe Sudakov approximation. Earlier calculations and sfudies 
of weak 1-loop correcfions fo fhese processes can be found in Refs. ^ which we used fo 
cross-check our calculation and implemenfafion. The general algorifhm of Denner-Pozzorini [^] is 
adopfed in fhe implemenfafion of fhe weak Sudakov approximation in MCFM. Here we presenf pre¬ 
liminary resulfs of fhe implemenfafion of weak correcfions in MCFM for fhe processes under sfudy 
for a number of relevanf kinemafic disfribufions. In parficular, in Sections ||, ^ and we compare 
fhe resulfs of fhe Sudakov approximafion wifh fhe ones of fhe complefe EW 1-loop calculafion for 
NC Drell-Yan, fop-pair and di-jef production, respecfively. 


2. Implementation of Weak Corrections in MCFM 

We invesfigafe fhe SM weak 1-loop corrections fo fhe processes discussed in Seel. and i.e., 
fhe ff{a) correcfions fhaf include fhe virfual confribufion of massive gauge {ZjW^) and Higgs 
bosons in higher order diagrams. Eigure shows sample Eeynman diagrams fhaf confribufe fo fhese 
relafive (virfual) correcfions in NC Drell-Yan, fop-quark pair and di-jef producfion. In fhe laffer fwo 
processes, however, we need fo lake info accounl also NLO QCD corrections fo fhe interference of 
fhe QCD-EW mixed leading-order (EO) confribufion fo achieve fhe same order of which 

are illuslraled in Eig.|| (b.2) and (c.2). These NLO QCD virfual corrections require fhe inclusion of 
fhe real correction wifh emission/absorption of a gluon fo cancel fhe IR divergence. On fhe ofher 
hand, photonic corrections are nol included since fhey fhemselves form a separafe gauge invarianf 
subsef and are nof enhanced af high-energy scales. 
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Figure 1: Sample Feynman diagrams for the ff{a) weak corrections to the LO cross sections of the NC 
Drell-Yan process (a), top-quark pair production (b.l), and di-jet production (c.l). Figures (b.2) and (c.2) 
illustrate i^(oCj) QCD corrections to the interference of QCD-EW mixed LO cross sections which arise in 
the case of four-quark external states in top-quark pair and di-jet production. 


We use the on-shell renormalization scheme and a constant gauge boson decay width in the ZjW^ 
propagators in the calculation. To produce the numerical results we use the following input param¬ 
eters: 


= 1.16639 X lO^^GeV^^ = 1/132.5605045, sin^ dw = 1 
Mz = 91.1876GeV, Tz = 2.4952GeV, Mw = 84.425GeV, Tw = 2.141 GeV, 

Mh = 120GeV, nit = 173.2GeV, nib = 4.6GeV, m„ = 66MeV, = 66MeV, 
nic = 1.2GeV, m, = 150MeV, = 0.51099892MeV, = 105.658369MeV, 

mt: = 1.777 GeV. 

Note that the quarks and leptons except for the top quark are treated massless if those particles 
are initial/final-state particles. We only retain their masses in closed fermion loops, i.e. when 
calculating the gauge boson self-energy corrections in the NC Drell-Yan process. The factorization 
scale jjLf is set to be equal to the renormalization scale /r^, and is chosen to be the mass of the Z 
boson Mz, twice of the mass of the top quark 2m,, and the transverse momentum of the leading jet 
PTjt , in NC Drell-Yan, top-pair and di-jet production, respectively. 

3. Neutral Current Drell-Yan Process 

The partonic level process under consideration is qq ^ if with exchange of a neutral EW gauge 
boson (y/Z), where q e {u,d,c,s,b} denotes initial-state quarks, and I S {e,/f ,T;Ve, v^, Vt} final- 
state leptons. The LO cross section is thus of ^(a^). When we consider NLO weak corrections to 
the LO process, it refers to a weak gauge boson exchange in vertex, self-energy, and box corrections 
as demonstrated in Lig.[I] (a). In order to better understand and characterize the validity of the 
Sudakov approximation, we produce differential distributions of relative corrections with respect 
to the invariant mass M/+/- and transverse momentum Prj+q-) using the exact 1-loop calculation 
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and Sudakov approximation. The relative correction 5 is defined as follows, 

5aC vlo-Olo ^.3 

0 = -=-, (3.1) 

Olo (^w 

where Oio and o^lo are the LO and NLO cross sections. 

Figure shows 5 for both distributions for pp ^ y,Z ^ at the LHC at y/s = 14 TeV. The 
results are produced with the PDF set MRST2004QED |j^. As can be seen the Sudakov approxima¬ 
tion shows good agreement with the exact NLO calculation in both distributions, and the largest dis¬ 
crepancy which appears in the invariant mass distribution is as small as a few percent (~ 2% — 3%) 
at 8 TeV. 


NC-Drell Van 



Mp|- [GeV] 


NC-Drell Van 



Figure 2: The relative correction 5 to the invariant mass M;+/- (left) and the transverse momentum Ptj+{i-) 
(right) distributions at the LHC at ^/s = 14 TeV, for the NC Drell-Yan process pp In each plot, the 

red curve denotes the distribution obtained with the exact NLO calculation, while the blue one denotes the 
one obtained with the Sudakov approximation. No cuts have been applied. 


4. Top-Quark Pair Production 

At the LHC, top-quark pairs are dominantly produced via strong quark-antiquark annihilation and 
gluon fusion at the parton level, with an LO cross section of We consider the 1-loop 

weak contribution of to these top-quark pair production processes. In addition to the 

weak 1-loop corrections that are present in both channels, the quark-antiquark annihilation channel 
includes the QCD corrections to the interference of QCD-weak mixed LO contributions. These 
are comprised of the virtual box corrections shown in Fig.|^ (b.2), as well as the corresponding real 
corrections with emission/absorption of a gluon. We use the PDF set CTEQ6L to produce the 
numerical results in FigJU and Fig. 

Figure ^ shows the results for the relative corrections at the LHC at y/s = 14 TeV, where the up- 
per(lower) two plots show the results for the invariant mass and transverse momentum PT.t{t) 
distributions in the quark-antiquark annihilation(gluon fusion) channel. As expected the Sudakov 
approximation works better in case of quark-antiquark annihilation, since this subprocess is analo¬ 
gous to the NC Drell-Yan at high energies where the effect of the mass of the top quark is negligi¬ 
ble. In contrast, in the gluon fusion channel, there is an obvious discrepancy between the Sudakov 
approximation and the exact NLO calculation in the tt invariant mass distribution while in the top- 
quark transverse momentum distribution, it is not as significant. After further investigation, it is 
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Figure 3: The relative correction 5 to the invariant mass Mf, and transverse momentum PT.t{t) distributions 
in top-quark pair production at the LHC at ^ = 14 TeV. No cuts have been applied. The upper and lower 
two plots show respectively the results for the quark-antiquark annihilation and gluon fusion channel. Again 
the red curves denote the exact NLO calculation and the blue curves the Sudakov approximation. 


clear that this disagreement is caused by the mismatch of the angular dependence because there is 
no such information captured by the Sudakov approximation in the gluon fusion channel. Since 
the transverse momentum distribution has less dependence on the scattering angle, or equivalently 
rapidity, it is expected that the Sudakov approximations works better in this case. The invariant 
tt mass is a function of rapidity, Mfj = 2 mj + 2 »iyCosh(y, —yi) +2. p^, where mr = \JPt + 
and jtp) denotes rapidity. We therefore expect to find a better agreement between the Sudakov 
approximation and the exact result by imposing a cut in the top-quark rapidity. This is illustrated in 
Fig.^ where we show results for different rapidity cuts. We indeed find agreement when \ytf \ < 1. 
This constrains the range of validity of the Sudakov approximation, as has been also pointed out in 
Ref. plj. 


5. Di-jet Production 

Di-jet production is described at LO by 2 —)• 2 processes involving quarks and gluons, where the 
two final-state partons are detected as jets after hadronization. We thus categorize the processes 
contributing to di-jet production into three subprocesses according to the number of external quarks 
or gluons, which are four-quark, two-gluon-two-quark, and four-gluon subprocesses. At tree level, 
these processes can be produced via strong or EW interactions. Thus, the LO cross section in di-jet 
production consists of the purely QCD contributions of the mixed QCD-EW contribution 
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gluon-fusion with rapidity cuts 
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Figure 4: The relative correction 5 to the M,,- distribution in top-quark pair production at the LHC at 
^/s = 14 TeV for different cuts on |y,f|. The results represented by symbols are those of the Sudakov 
approximation and the lines indicate the results obtained with the exact NLO calculation. 

of ^{asCc), as well as the purely EW contribution of The NLO corrections consist of 

virtual and real corrections, where the latter exist in the four-quark subprocesses associated with a 
emitted/absorbed gluon. And there are two types of the interference of diagrams that contribute to 
the full NLO corrections of and symbolically, we can write them as 



(5.1) 


where ^(oLs) and ^(a) denote the LO amplitude with gluon and weak boson exchange, respec¬ 
tively, and ^{a^) the NLO QCD correction to the strong LO amplitude. In the virtual corrections, 
^{asCc) denotes the NLO amplitude that can be either weak correction to the strong LO ampli¬ 
tude, or QCD correction to the weak LO amplitude; while in the real correction, the NLO amplitude 
^{asCc) is restricted to the latter because we only need gluon radiation in the real contribution to 
cancel the IR divergence in the virtual contribution. Note that there is no NLO weak correction to 
the four-gluon subprocesses. 

We calculate the inclusive jet process using the anti-^j- jet clustering algorithm [[Til], and set the 
pseudo-cone size to /? = 0.6. We apply the following cuts on the jet transverse momentum and jet 


rapidity: 


PTj> 25 GeV, |y;|<2.5 


(5.2) 


We use the PDL set CTEQ6L1 [^. Ligure § shows preliminary results for the relative correction 
at the LHC at = 14 TeV. The comparison between the Sudakov approximation and exact NLO 
correction is restricted to the one-loop weak relative correction of Gia), i.e., the LO cross section 
in Eq.(|3.1|) is purely QCD, and the total NLO result does not contain the LO EW effect. We find that 
Sudakov approximation gives less negative contribution than the complete set of NLO corrections 
that amount to the contribution of G{aaj). There might be two reasons for this disagreement 
between the approximation and the exact calculation. One is the missing angular dependence in 
the Sudakov approximation in the two-gluon-two-quark subprocesses, which is similar to what we 
observed in the gluon fusion channel in top-quark pair production. The second is that we neglected 
the QCD corrections to the EW LO amplitude in the Sudakov approximation. Therefore, we may 
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only be able to use the Sudakov approximation in some particular subprocesses such as four-quark 
processes, and a cut on the scattering angle (or rapidity) should be imposed when the two-gluon- 
two-quark subprocesses are included. Final results and a more detailed discussion will be made 
available in Ref. [|I^. 


Preliminary Result 



Figure 5: The relative correction 5 to the transverse momentum distribution of the leading jet pjj^ in di-jet 
production at the LHC at yG = 14 TeV. Again the red curve denotes the exact NLO calculation and the blue 
curve the Sudakov approximation. 
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